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Finite element analysis of the influence of a fatigue crack on magnetic
properties of steel
Y. Shi and D. C. Jiles
Center for Nondestructive Evaluation, Iowa State University, Ames, Iowa 50011
Fatigue can affect the magnetic properties of materials due to microstructural changes. Previous
investigations have shown that several structure sensitive magnetic properties, such as coercivity Hc
and remanence Br , changed systematically as a result of fatigue. When approaching failure the
accumulated changes in microstructure resulted in the occurrence of fatigue cracks and the magnetic
properties showed dramatic changes which mainly resulted from the geometrical changes in samples
due to the cracks. It was found that the remanence Br followed the changes in stress, while the
coercivity Hc sometimes showed different trends. In this article the influence of the size and the
position of a fatigue crack on magnetic field and magnetic induction were studied using finite
element modeling. Models were constructed to simulate the geometry of the test sample and sensor.
It was found that, for a given coil current in the exciting coil, the magnetic induction was mainly
determined by the geometry of the crack, while the magnetic field was influenced by both the size
and the position of the crack. © 1998 American Institute of Physics. @S0021-8979~98!50711-6#
I. INTRODUCTION
In recent years there has been increased interest in cor-
relating magnetic properties of ferromagnetic materials with
their mechanical properties.1,2 The evolution of the magnetic
properties during fatigue is of particular interest because of
the relation between the fatigue and magnetic properties of
materials.3–5 It has been shown that the measured magnetic
properties change systematically throughout the fatigue life-
time. When approaching failure, the cumulative stress results
in the occurrence of cracks, which normally start from the
outer surface. After cracks appeared there was little overall
change in the microstructure of the materials because most
stresses then concentrated at the tip of the crack and the main
change subsequently was the growth of the crack. During
this period, the corresponding changes of magnetic proper-
ties mainly resulted from geometrical changes in the samples
because of crack growth. It was found during this period that
the remanence Br still depended primarily on the crack ge-
ometry although the coercivity Hc sometimes showed differ-
ent trends.
To explain the above observations magnetic finite ele-
ment modeling ~FEM! work was conducted to establish the
relation between the fatigue crack geometry and the sur-
rounding magnetic field distribution. Finite element analysis
techniques, although yielding only approximate solutions to
the classical partial differential equations of the electromag-
netic field, are particularly attractive for the study of field
distribution within magnetic structures having complex
boundary configurations. This property makes the method
very suitable for the analysis of the interaction between the
magnetic field and defects within materials, and thus it has
been applied to magnetic leakage field inspection6–8 and
creep damage detection.9 In this article, it is shown that the
method can be extended to fatigue analysis.
II. FINITE ELEMENT MODELING
The general geometry of the FEM solid model is shown
in Fig. 1. The shape of the fatigue sample on which experi-
mental measurements were made was a cylindrical rod which
was subjected to a uniaxial cyclic stress. An inductive mag-
netic sensor consisting of a search coil wound on a magnetic
C core was used to measure the magnetic properties of the
sample during the fatigue lifetime. The magnetic field was
measured using a Hall probe which was located at the center
of the C core and on the surface of the sample. Magnetic
induction was measured using a detection coil which was
wound on the core of the sensor. To simplify the modeling
two-dimensional representations were constructed to simu-
late the geometry of the sample and sensor. The magnetic
field values were calculated at the location of the Hall probe
and the magnetic induction values were calculated from the
throughout the volume of the detection coil.
The amplitude of the excitation current was small
enough that the sensor operated in the low field hysteresis
FIG. 1. Geometry for the finite element model calculation.
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region which can be considered as approximately linear. So
the magnetic properties of the sensor material were assumed
linear to simplify the problem. However, nonlinear B-H
data, which were measured experimentally, were used for the
sample material, because different regions would have dif-
ferent magnetic states during fatigue after the crack gener-
ated.
The vector potential formulation was employed to con-
duct calculations.10 With this method it is possible to calcu-
late the flux passing through a predefined line contour. At
first calculations were conducted to determine the magnetic
field distribution of the whole system for different crack
sizes and positions under a fixed excitation current. Then the
magnetic field value at the Hall probe ~location 1 in Fig. 1!
and the magnetic induction at the detection coil ~location 2 in
Fig. 2! were calculated.
III. RESULTS AND DISCUSSION
The magnetic field in the specimen was influenced by
both the crack size and its position as shown in Figs. 2–4.
This is because the magnetic field distribution in the space
between the sample and the C core was mainly determined
by two factors: the leakage field of the corners and tips of the
crack and the demagnetizing effect generated by the crack
surfaces. The leakage field increased as the crack grew,
which resulted in a larger field amplitude. However growth
of the crack also increased its surface area which led to an
increase in the demagnetizing effect and hence reduction of
the magnetic field. When the crack was located below the C
core at the center of the sample, the leakage field dominated.
The resultant field increased with the crack size as shown in
Fig. 2. When the crack did not occur at the midpoint, the
demagnetizing effect of crack surfaces altered the magnetic
field. Therefore, as the crack was initiated, the magnetic field
at first decreased because of the demagnetizing field from the
crack surface. Later it increased because of the leakage field
introduced by the corners of the crack as shown in Fig. 3. As
the distance between the probe and the crack increased, the
influence of the demagnetizing effect on the resultant ampli-
tude of the magnetic field became greater, and the influence
of the leakage field became less.
A similar explanation can be applied to the case when
the crack is on the side of the specimen opposite from the C
core. The only difference is that the leakage field generated
by the tip of the crack dominated in most cases. The demag-
netizing effect hardly influenced the magnetic field in the
immediate vicinity of the crack. Only when the crack was
farther away from the center of the sample did the influence
of demagnetizing effect on the magnetic field become appar-
ent as shown in Fig. 4.
Compared with the magnetic field H , the resultant mag-
netic induction B exhibited much smaller changes with the
crack geometry as shown in Fig. 5. This result can be ex-
plained because the detection coil measured the flux change
in the sensor, which was distant from the crack region.
Therefore, the measured magnetic induction was an average
FIG. 2. Calculated magnetic field H vs crack depth in the position with the
crack on the side of the specimen facing the C core and positioned at the
center of the sensor.
FIG. 3. Calculated magnetic field H vs crack depth in the position with the
crack on the side of the specimen facing the C core and positioned away
from the center of the sensor.
FIG. 4. Calculated magnetic field H vs crack depth in the position with the
crack on the opposite side of the specimen from the C core and away from
the center of the sensor.
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which was much less influenced by the two effects than was
the highly localized magnetic field. The main factor influenc-
ing the resultant magnetic induction was the size of the air
gap which was introduced by the crack into the magnetic
circuit. This increased the magnetic reluctance around the
flux path and resulted in a decrease in magnetic induction
with crack size under the same magnetomotive force as
shown in Figs. 5 and 6.
IV. CONCLUSIONS
The interactions of the magnetic field and the fatigue
crack were modeled using finite element techniques. It was
found that the detected magnetic field was determined prin-
cipally by two factors: the leakage field of the corners and
tips of the crack and the demagnetizing effect of the crack
surfaces. These two factors had opposite effects on the de-
tected magnetic field amplitudes. On the other hand, the cal-
culated magnetic induction appeared to be only determined
by the crack geometry.
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FIG. 5. Calculated magnetic induction B vs crack depth in the position with
the crack on the opposite side of the specimen from the C core and away
from the center of the sensor.
FIG. 6. Calculated magnetic field H and magnetic induction B vs crack
width and depth with the crack on the side of the specimen facing the C core
and located at the center of the sensor.
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